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Mapping of murine IgE epitopes involved in IgE*Fc* 
receptor interactions* 

The generation of anti-IgE monoclonal antibodies has permitted the identification of 
various serological epitopes on the IgE molecule. The relationship of the sites on IgE 
recognized by such antibodies to the Fc epsilon receptor (FdR) interaction she ha* 
been determined using cross-Inhibition studies. However, interpretation of this type 
of experiment is limited by problems of sterlc hindrance. Thus, to accomplish precise 
mapping on the IgE molecule of the Fc*R interaction site and the binding sites of 
various MitMgE mAb, we employed site-directed mutagenesis of the IgE heavy chain 
gene, 

To this end we have constructed and expressed a recombinant murine constant e 
heavy chain (C«) gene bearing a (4*ydroxy-3-nitrophenyl)aoetic add (NF>binding 
V K region. Several sfte-specific mutants in the C.3 and C*4 domains of this recombi- 
nant Q. gene were prepared and expressed by transection into the light chain-produc- 
ing myeloma cell line. The resulting IgE antibodies were tested for binding to 
mast colls and to various anti-IgE mAb. 

The mutants produced indude a proline to histidine point mutant at amino acid 
residue 4W in the C£ domain, a mutant with a truncated Q4 domain, a mutant with a 
45 amino acid deletion in the carboxy end of Q3, and a chimeric human Q in which 
the human Q3 was replaced by the homologous mouse Ce3 domain. These mutants 
have permitted the localization, to the C£ domain, of the epitopes recognized the 
84.IC and 953 anti-IgE mAb, The 84.1C mAb recognizes a she on IgE which is 
identical or very close to the Fc,R binding site, and 95,3 recognizes a site on IgE which 
is related, but not identical to the F<£k binding rite. The antigenic determinant 
recognized by the 51.3 mAb, which is inefficient at blocking the IgE-Fc,R interaction, 
has been mapped to the Q4 domain- When tested for binding to the Fc^R on RBL- 
2H3 cells, die point mutant bound to the Fc^R with twofold reduced affinity, while the 
CJ deletion mutant and the mutant truncated in C*4 lost all receptor binding activity. 
These data suggest that the Fc^R binding site can be assigned to the third C region 
domain, and that the fourth domain, while not directly involved in FcJR binding, may 
play a role in the formation of the HaLa tetrameric IgE molecule, and in stabilizing the 
conformation of IgE required for Fq,R binding. 



1 Introduction 

IgE antibodies are the class of antibody responsible for 
mediating me allergic response. Mast cells bear an Fc« recep- 
tor (Fc^R) which is able to bind to IgE with high affinity, 
Antigen binding causes the cross-linking of the mast cell- 
bound IgE, triggering a series of responses in the mast cell 
leading to degranulation and me release of histamine and 
other mediators of allergy. 
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Much work has been done in an attempt to identify the site on 
die IgE molecule which interacts with the FcJEL Most of the 
data available to date implicate the third constant (C) region 
domain, and the interface between the second and the third 
domain of IgE, in receptor binding. Experiments by F6rez- 
Montfort and Metzger (1] have shown that a region in the cleft 
between the second and third C region domains is protected 
from proteolysis when bound to the FCeR- Burt et al. [2 T 3] 
made synthetic peptides corresponding to regions of the rat 
IgE molecule thought to be accessible to the external environ- 
ment. One of these peptides, P129, corresponding to residues 
414-428 in the third C region domain (C.3), (residues 401-415 
using the numbering system of Liu [4], the convention adopted 
in this report) inhibits the binding of IgE to the Fc,R on a rat 
mast cell line (RBL-2H3). The binding of F129 is about 1000- 
fold less efficient on a molar basis than die binding of intact 
IgE. 

In an analogous set of experiments, Robertson and Liu [5] 
have prepared antisera against peptides corresponding » re- 
gions of the mouse second, third, and fourth C region 
domains. Most of these anrisera reacted against native IgE and 
showed varying reactivities against mast ccil-botmd IgE. One 
anti-pepride antibody, made against a peptide from G£ 7 
peptide^", bound well to free IgE, but not to cell-bound IgE. 
This peptide may therefore represent a she sterically close to 
the epitope n IgE recognised by the Fc,R. Interestingly, anti- 
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$era raised by Robertson and Lin against a peptide overlap- 
ping (by eight residues) Stanwortb's P129 peptide, were able 
to bind cell-bound IgE- Thifi led them to the conclusion that 
the site corresponding to this peptide is not involved in Fc»R 
binding. 

Helm et aL [6] have generated recombinant peptides contain- 
ing stretches of the human C2, C.3 and Q4 domains. They 
found that a peptide containing 76 amino adds spanning the 
q2-Cb3 junction is able to bind to the Fc*R on mast calls with 
an affinity close to that of myeloma IgE. In addition, mono- 
melic fragments were produced which stlD bound to the Fc^R, 
indicating that a heavy (H) chain dimcf is not necessary for 
FcR binding. Nevertheless, it is not clear whether an analo- 
gous region at the Q2-Q3 junction, containing the Fc,R bind- 
ing site, is present on rodent IgE. 

A number of arm-IgE monoclonal antibodies (wAb) have 
been generated In our laboratory (7, 8]. 84.1C, 95.3 and 51.3 
define three separate groups of determinants on the C, regtoa. 
All three of these mAb block, to varying degress, the binding 
of IgE to the Fc«R on mast cells. However, only the 84,1C 
antibody is unable to hind to cell-bound IgE, This suggests 
that 84. 1C recognizes an epitope identical to, or closely associ- 
ated with the Fc,R binding site on IgE. 

In rder to reconcile some of the data on IgE-Fc^ interaction 
site (s) T and to identify tbc sites on the IgE molecule recog- 
nized by our and-IgE mAb, we constructed a panel of IgE 
mutants, Testing of these mutant IgE for their ability to bind 
to mast cells and to our anti-IgE mAb 7 should help create a 
map of various epitopes on the murine IgE molecule involved 
in the FcJR. binding. 



2 Materials and methods 
24 Plasmids and vectors 

Hie pSV2-Va6 expression vector (Fig. 1A) contains the com-; 
plete rearranged V H gene of an anti-NT (4-hydroxy-3-ni- 
trophenyl)acetic add antibody of the NI* family [9], a gift of 
Dr. Doug Rice, It is based on the p$V2gpr vector [10], a 
mammalian expression vector containing selectable markers 
for growth in both bacteria (^-lactamase gene) and mamma* 
Han cells (gpf gene). H» pA-4 vector consists of the pBR322 
plasmid into which a mouse rearranged genomic IgM H chain 
was introduced, The pBR-C, plasmid [11], containing a 
genomic clone of the mouse IgE H chain cloned into the 
P BR322 plasmid, was a kind gift of Dr. T. Honjo (Fig. LB). 

2.2 Molecular biology techniques 

Plasmid preparations, digestions with restriction enzymes, 
separation of DN A fragments, ligations, bacterial transforma- 
tions and screening of bacteria) colonies were all performed by 
standard techniques [12]. Restriction enzymes and DNA mod- 
ifying enzymes were purchased from New England BioLabs 
(Beverly, MA), Bethesda Research Labs. (Bethesda, MD), 
IBI (New Haven, CT), and Pharmacia (Uppsala, Sweden). 
Sequencing reactions were carried out by the dideoxy method, 
after subcloning into the pCEM-3 vector, using the kit sup- 
plied by Promega (Madison, WI). 
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rwitt L Schematic diagrini of: (A) the pSVS-V^ plasnrid beted on 
the pSV2gpr vector (10], into which the rearranged VDJ genomic 
segment encoding an anii-NP [9] V„ chain was tnsencd. (B) The 
pBR-C* plafmld containing a segment of genomic DNA wicodirjg all 
four C; exoas [11] insened inw the pBR322 plasmid. (Q The pSV2- 
Vo-C, plasmid, composed of the pSV^V,^ vector (A) f into which die 
gene (from pBR-Q) aad an Ig enhancer sequence [E] were J waned 
flanking the rearranged VDJ segment. 



Site-specific mutagenesis was carried out by heteroduplex for- 
mation as described [13] with slight modifications. An aliquot 
of the FBR-Cfe plasmid was digested with Sail, and Wunt- 
ended; a second aliquot was digested with Eco RV and the 6.7- 
kb band was purified. Approximately 100-200 ng of each frag- 
ment was mixed in high-salt restriction buffer [12] together 
with 8 pmol kinased mutagenized oligomer (see Sea. 3 for 
sequence) , boiled f r 3 min and allowed to gradually reanneaJ- 
Heieroduplexes were filled in whith DNA p lymerase and 
ligase, and the resulting product was extracted with phenol, 
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rftoUOl precipitated and used to transform competent bacteria 
(MC1061 strain). 

2J Tranafcctitms and ceil culture 

RBL-2H3 cells [14J. obtained from Drs. D- and T ; Jovin, were 
grown in minimum Eaglet medium with the addition of 10% 
fetal calf serum (BioLab Ltd., Jerusalem, Israel), t-glutamiue 
(Biological Industries, Kibbutz Beth Haemek, Israel), com- 
bined antibiotics (BioLab Lid,) and fungizone (amphotencm, 
Biological Industrie). J558L myeloma cells [15] (a gift of Dr. 
V T. Oi), were grown in RPMI medium with 10% Waif 
serum (PCS), L-glummine. and combined anubioucs (referred 
to as J558L medium). 

Transfectioos were carried out by eiectroporation [16] or pro- 
toplast fusion (17]. For dMtopoirioni 20 ft of purifiedplas- 
mid was mixed with 2 x 1Q 7 J558L cells in phosphate-bufered 
saline (PBS) and subjected to a 1.8 kV discharge with an Isco 
(Nebraska CO) power supply model *94. Cells were pu( uw 
regular J55SL medium for 24-48 h reovery and then trans- 
ferred to selective medium, 

Protoplast fusion was done as described [17], Protoplasts pre- 
pared from 25-rol bacterial culture, containing the plasnud lot 
incerest were fused with polyethylene glycol (TOO) 1550 
(Serva, Heidelberg, FRO) to 2xl0 7 J558L cells - ^ «? 
were plated in 24-well plates at itftal and cultured m J558L 
medium in the presence of antibiotics [100 ugtoal kanamycin or 
gentamycin (Sigma, St. Louis, MO)], to kin any remaining 
viable bacteria. Selective medium was added at 24-18 h and 
clones were visible in 2-3 weeks. Selective medium contained 
regular J558L medium with the addition of 1 ug/ml 
mycophenolic add, 250 jigtou xanthine and 15 *ig/ml hypox- 
antbine (Sigma). 

2.4 Immunochemical reagents 

Rabbit anti-mouse IgE was made in our laboratory by 
immunizing rabbits with several mouse mAb of tho IgE class. 
Antisera were preadsorbed on normal mouse serum-coupled 
Sepharose and then further purified on an IgE-Sepharose 
affinity column. These antibodies recognize the C c chain and 
also react with XI- light (L) chains which are present on the 
SPE-7 monoclonal IgE used for immunization. Biotinylaflon 
was done by the method of Kendall et al. (18]. NIP-protein 
conjugates were made by the method of Brownstone et al. [19] 
and coupled to Sepharose 4B following cyanogen bromide ao- 
u'vation. 

2.5 IgE purification 

Lysates were produced from non-secreting mutants (AFE), by 
suspending cells in PBS, 1 mM EDTA, 1 tnM phonylmethyl 
sulfbnyl fluoride (Sigma), 5 mM iodoacetamide and 0.2 U/ml 
aprotinin (Sigma). Cell suspensions were lysed either by 
freeze-thawing, sonication or the addition of 1% Nomdet-P40 
(NP40). 

AntirNIP [(4.hydroxy-3-todo-5-nitroph nyl)acetate] IgE anti- 
bodies were purified on ^ovalbumin (OVA)-Sephaiose 
columns- J55SL transfeooma supernatant (20&-500 ml) or 



10ml fodllysate from 5 xl0 B cells, w$re passed over NIP- 
OVA-Sepharose columns. Hie columns were then washed 
with PBS containing 0 M NP40 and then extensively washed 
with PBS. Elution was carried out with 5 M MgCfe- Huates 
were dialyzed extensively against PBS, aliquoted and frozeiL 

2.6 Immunoassays for IgE antS-TOP antibodies 

fcE anti-NIP antibodies were detected by one of several I varia- 
tions of the enzyme-linked immunosorbent assay (ELBA) or 
radioimmunoassays (RIA) described here. For the RIA T 96- 
weU polyvinylchlorlde V-shaped wells (Cooke Labs. Alexan- 
dria V A) were coated with 50 ul antigen solution (10 ugtal 
NIplDNPfiOVA), or amUgE, overnight at 4°C, Plates were 
washed wjtb PBS containing 0.1% bovine serum albumm 
(BSA), and blocked with PBS containing 1% BSA to reduce 
nonspecific binding. IgE preparations (usually 50 ul transfer 
toma supernatant) were then added for 2 h at room tempera- 
ture, followed by ^I-labeled anti-lgE- Wells were washed, cut 
apart and counted in a gamma counter. 

For ELISA assays, flatrboctom ELISA plates (Nunc, Ros- 
kilde Denmark) were coated with either 10 ug/ml NIP-fowl 
Y-globulin (FgG), or a 1 : 10 dilution of serum-free supernatant 
from hybridoma cells secreting anti-mouse IgE mAb [7, 8], 
diluted in 0.06 M sodium carbonate buffer, pH 9.5. After 
overnight incubation ax 4 C C, the plates were washed in PBS 
oontaining 0.05% Tween, and dilutions of IgE^ntauung 
transfectoma supematanis, or purified anuTxxJy were added, 
and the plates were incubated far 2 h at 37°C Plates were 
then washed and a 1 : 500 dilution of biotinylated rabbit ann- 
mouse IgE was added for 2 k After washing, plates were 
treated tor 30min with avidin-coupled peroxidase (Bio- 
Makor, Rebovot, Israel), washed and peroxidase substrate 
was added- Alternatively, for the aattVNIP ELISA. after incu- 
bation with the IgE samples, plates were created with a 1 : 1000 
dilution of pertnridase-conjugated anti-mouse Fab (Bio^ 
Makor) Peroxidase substrate was added after washing. The 
substrate used was 2^'-a^o*is(3^thylbenzuiiaaoline 6-sul- 
fonic add) (Sigma), dissolved at 1 mg/ml in 28 mM atnc aad r 
44 mM NaiHP0 4 , 0.3% HaCH. Assays were read in an auto- 
matic ELISA reader (Titertftk Multiskani Flow Labs,, rock- 
ville, MD) at 620 nm, 

2,7 Binding of iodtnaied IgE or RB WH3 cells 

Purified IgE derived from nansfectoinas was iodinated using 
the chloramme-T method. Protein (40-100 ng) in 100 id PBS 
!S n!«d with 0.5-1.0 mQ (= 18J 37 MBq) of *I and 
10 ul of chloramine T (2 mg/ml) for 2 min- The reaction was 
stooped with 20 ul of sodium disulfide (2 mg/ml) and the oux- 
rure enromatographedona^imSepbadex G-25 column in the 
presence of \% BSA, KI, and hemoglobin solution to color 
Se protein peak. The first radioactive peak was collected, and 
incorporation of Iodine checked by trichloroacetic aad pre- 
cipitation. 

For binding studies, 10 6 RBL-2H3 cells/tube were mixed wjtb 
dilutions of radiolabeled IgE, in 250 ul Tyrode's buffer (20] 
with 1 mM EDTA. For competition assays, cold IgE com- 
petitor was added and th mixture incubated for 2 h before the 
addition of the radi labeled IgE. After an additional 2-h incu- 
bation with shaking at 4 D C, 5M aliquots were removed in 
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triplicate and layered over horse serum in micro tubes. Hie 
tubes were centrifuged in a microfuge for 30 s T supernatant 
was aspirated and pellets Trere counted in a' gamma' counter. 
An additional 50-fil aliquot from each sample was counted to 
determine total counts added. Direct binding data were ana- 
lyzed by Scatchard analysis and linear least square regression. 



2*8 Degranuhtion assay 

RBL-2H3 cells (10*) were incubated with each IgE sample fox 
30 min at 37 *G Cells were washed with Tyrode's buffer 
and resnspended in 1 ml Tyrcde's buffer. Allquots (100 |il) 
were placed in microtiter wells to which were added either 
250 ng/ml NIP-FgG to measure specific release ox 15 (*] 10% 
Triton to measure maximum release, or nothing to measure 
spontaneous release. The plates were incubated for 30 min at 
37 *C and then 15 (il of supernatant was removed from each 
well to measure ^-hexosaminidase release, an indicator of 
degranulation. The supernatant* removed were mixed in wells 
of an ELISA plate with 40 \d substrate solution [1*3 mg/ml 
pataninopheDyl-N-acetyl-p-i^ucosaxkiine (Sigma) in 0.04 M 
phosphate/citrate buffer, pH4.5] and incubated 1-2 h at 
37 *C. To stop the reaction 02 M glycine, pH 10.7, was added 
and wells were read in an ELISA reader at 405 nm. Percent 
specific release was calculated as; 



(specific release « spontaneous release) 



X100, 



(maximum release) 

where spontaneous release is release in the absence of anti- 
body, and maximum release is the ^hexosaminidase activity 
obtained after 1% Triton lysis of cells. 

2,9 Adsorption assay rot binding to the Fcjl 

As an alternative means to determine the extent of binding of 
the mutant IgE to the Fc«R on most cells, we measured the 
ability of RBL>2H3 cells to remove anti-NIP activity from IgE- 
containing preparations. Dilutions (100 of purified mutant 
and wild-type IgE were incubated in triplicate in microtiter . 
wells with either 100 |il PBS ox 100 jil PBS containing l& 
RBL-2H3 cells. The plates were incubated for 3-4 h at room 
temperature, with periodic shaking. Supernatant (100 uj) was 
then removed from each well, and assayed for anti-NIP activ- 
ity by ELISA, on NIP-FgG<oatBd BHSa plates. The ratio of 
optical density obtained from the ELISA from IgE prepara- 
tions incubated with RBL-2H3 ceils vs. those incubated with- 
out RBL-2H3 ceDs gives a measure of how much IgE was 
removed by these cells, and thereby Indicates to what extent 
the IgE was able to bind to these cells. 
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3 Results 



3.1 Construction of the PSV2-V (r C c plasmid 

In order to generate IgE molecules with various mutations in 
the Fc portion of their C region, we constructed a vector which 
permitted the expression, in a mammalian cell, of a complete 
IgE molecule of known antigenic specificity. This was accom- 
plished by joining the gene segment from a genomic clone 
encoding the mouse C, region with a V H gene fragment encod* 
ing a V region with anti-NP specificity [9], The V region 
encoded by this gene is heteroclitic and binds the antigen NIP 
with higher affinity than MP. All assays measuring hapten 
binding were therefore performed using NIP-conjugawd 
rattier than NP proteins. The PSV-V2h-Cj plasmid which wc 
constructed (see below) contains the entire mouse Q coding 
sequence and an anri-NP variable region (Fig. IQ. Upon 
transection into the L chain-producing J55SL myeloma cell 
line, the e chain encoded by the recombinant gene combines 
with the endogenous J558L L chain to produce an IgE anti- 
body with autl-NP specificity. Similar constructs have been 
used previously by Neuberger et aJ. [22] to obtain chimeric IgE 
molecules bearing a human e gene and a NP-binding mouse 
V region. 

The PSV^Vjrd plasmid was constructed from the PSV2-V H 6 
vector ([9] and Fig. 1A), This expression vector contains a 
rearranged V H gene of anti-NP specificity [9], Hie 
fragment obtained after Bam HI digestion was Kgated to the 
4.6-fcb Bam HI fragment of the FBR*C, plasmid (Fig. IB), 
containing the full mouse C B region [11). The vector so 
obtairied (denoted PSV2-<VE) contained the full C, and V H 
segment but was lacking the enhancer element for Ig transcrip- 
tion. In order to increase the expected levels of Ig expression 
with this vector, the 1-kb fragment containing Ig enhancer 
activity, obtained fom Xbal digestion of the pA-6 plasmid, 
was inserted into the unique EcoRI site of the PSV2-Q-E 
vector by blunt-end ligation of £lled*in ends. The vector thus 
obtained was called PSV2*V H -C t and its structure is shown in 
Eg.lC. 

The PSY2-V H -C t plasmid was introduced into J558L L chain- 
producing myeloma cells using the technique of protoplast 
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2.10 Western blots and immunodetection 

IgE transfectoma lysares, cell supernatants, or purified IgE. 
preparations were run on sodium dodecyl sulfate (SDS) poly- 
aoylamide gels [21]. After electrophoresis proteins were 
transferred to nitrocellulose in 15.6 mM Tris, 120 mM glycine, 
pH 8.3 for 4 h at 200 mA, The nitrocellulose filters were 
stained with Ponceau red (Sigmd) to visualize protein Stan- 
dards, prehybridized in FflS containing 10% skim milk for 
16 h at 4°C and then hybridized in the above buffer with US I- 
labeled rabbit anti-mouse IgE. flitere were washed in PBS and 
PB5-Tween and autoradiographed, 
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Figure 2. Immunoblot analysis of mutant and wild-type jg£ sum- 
bodies. Purified Ig£ preparations (25-100 ng/tane) were run under 
reducing (a) ot nonredudng (B) conditions through 10% or 596-10% 
gradient acrylamide gel;, respectively, elecirobietftd to nuxocellulose 
and hybridized with iodinaied rabbii anti-mouse IgE antibodies. Note 
thai in addition to the e chain, the octi-IgE antibodies cross-react *ith 
the X L chain. 
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c) SiSSn^'lsE pvu^ 50% irhibidon of *« binding of 
ffldlotadinated SPE-7 to RHL-2H3 cells. 

d) % RBL-2H3 cell degraiwlwion induced by IgE m 100 ngW, mg- 
gered by NIf -DNP-BSA. 

fusion. Supernatant* from clones surviving growth 
Sediwn containing mycophenolic acid were """"""W 
L-NIP activity u*ng a RIA (not shewn) iritbnM 
was chose* for all further characterization. Tins dwwM 
aDDraumatcly 2 ug IgE/ml. Table 1 summanro properties of 

clonal IgE [23]. Both IgE haye simUar 
(Re 25, bind with similar affinities to the Fc,R on mast cefls 
and boi are able to induce RBL-2H3 deflation m the 
presence of cross-Unking antigen- 

[ 3.2 Generation * vectors encoding mutant IgE antibodies 

f The mutated IgE antibodies that wc describe m this stndy are 
depicted schemtticalTy in Fig. 3 and Table 2. They mdude 
APE, truncated in C,4, DSE. with a 45.amino aad deletion in 
the G3 domain, and PHS, with a proline to buhdine point 
mutation in C3- The AFE mutant was made by Mi 
frameshift mutation at the Aval site in the C^4 domain 
(Fig. IB, C). This frameshift caused a stop codon to be 
reached at amino add 472 (position 34 of the Q4 dotnam). 
The region between the mutation site and stop codon was 
expected to have altered sequence due to the framwhift intro- 
duced (Fig. 3). 

To eanerace this mutation, the PSV2-V„-C e vector was par- 
nally" digested with Ava I aad the 11.850* unearned uini 
was blunt ended with the Klenow fragment of DNA poly- 
merase I. This was self Hgated and used to transform bacteria. 
Restriction mapping and DNA sequencing i were used to con- 
firm that the correct Aval site was mutated (not shown). The 
vector containing the AFE mutation was used up transact 
J558L cells. Clones surviving mycophenolic aad selection 
were tested by an HJS A assay for secretion of and-NB ^anti- 
body Of nine dopes tested from two separate tranrfeeuon 
experiments, none secreted detectable amounts of IgE. (The 
sensitivity of the ELBA is approximately 5 ng/ml). It » possi- 
ble that che uBs can produce IgE,but that due to the gross 
structural alteration of IgE, they are unable to secrete IgE we 
therefore produced cell lysates, using siMucaaon, f«ow-thaw- 
OUL or NP40 lysis. The lysates were tested for IgE anh-NIP 
activity by ELISA and were found to contain between < 5 and 
110 ne/tiP cells, lrnrnunoblot analysis (Jig. 2) underreducmg 
conditions of affinity- purified AFE mutant IgE_from s*ch 
tysates revealed H chains of reduced size as expectecT formis 
mutant. Electrophoresis under nonreducing conditions reveals 



that almost all of the antibody' is present as HL, instead of the 
full HiLj tetramer (Fig. 2). 

Another deletion mutant (DSE) was constructed with a dele- 
2»of45 amino adds in and the begmmng of Q^aimno 
add residues 397-^41). The detection encompasses the 
£jj£*£ned by the P129 peptide of Burt and Stanworch 
Bf and also includes a cysteine which paroctpatei m the 
mtadomain disulfide bridge 4, 24]. Trris ■ a ^g 
Son Of the PSVO-VjrC. plasfflid with Spe I and Eco 47IH 
S of which cut che plasnrid at a single site), b unting the 
• ends with rmingbean nuclease, relighting the torge linear frag- 
ment and Worming bacteria with the P"^^^ 
rion The structure of this plasmid was checked by restriction 
mapping aud by hybridization to an oligomer which w*> com- 
SSentoy to the expected sequence of the junction siteafter 
ligation. Transfected clones were found to secrete antibody, 
but in very small amounts, 5-40 ng/ml. 

A proline to histidine point mutation (?HS) *as created at 
amino acid residue 404, using oligonucleaade-oWed, ute- 
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Fteun J, Amino acid sequence of the mouse C, domjjmi and of ihc 
lKimts prepared iTi^ midy, DasHes (— ) iddkatc ^ype 
Sbj WLw <Wexed ammo «£ds; (CHO) i^^^osy- 
and (S-S) indi^cwiat^cl^ di^lfi^ bonds. ^(i^Bnd 
S^npi^CDl the intercham disulfide bonds wiihHandLchauia 

letter amino add code is giren in [4]. 
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Table 2. Summary of mutants produced £b this study 




a) All the recombinant IgE molecules listed above contain a NIP- 
specific mow V H region with a Q region sod express the endoge- 
nous J558L mouse Xl L chain, 

specific mutagenesis [13]. Ibis mutation is located in <y,'in 
the region spanned by the P129 oligomer of Bun and Stan- 
worth J21 Aliqaots of the PBR-C, phmid were digested with 
Sail and EcoRV, and the resulting digests were mixed, 
melted, and reannealed In the presence of a molar excess of 
kmased SAS3 oligomer (sequence GGC, AAC, TAC, ATG, 
TAG, GAL GGA). This oligomer is complementary tolhe 
sequence encoding amino adds 401-407, with a C to A muta- 
tion which alters proline 404 to histidine. The oligomer also 
contains a silent mutation to increase, the ease of detecting 
mutant vs, wild type. The positions of the two mutations are 
underlined Mutant colonies were identified by hybridation 
with radiolabeled oligomer. The 4.6-kb insert corresponding 
5 S£fJ^ 0Ved b * digestion with Bam HI and ligated into 
tne FSV^Vh-C; plasmid from which the wild-type G 
sequences were removed. This plasmid (PSV-Vh-QPHS) was 
used to transfect JSSSL cells by electroponUion, Sapemarauts 
from clones surviving mycophenolic acid selection were tested 
for IgE anti-NlP antibodies. The PUS clone selected secretes 
approximately 2 Ufiftnl of antibody. RNA was isolated from 
this clone and tested by Northern blot hybridization with the 
mutant oligomer for the presence of the mutated sequence. 
The oligomer hybridizes to PHS but not to IIC5 (wild-type) 
RNA (not shown). SDS gel electrophoresis of the IgE pro- 
duced by the PHS mutant reveals H and L chains of the ■ 
expected size, present as B^U in nonreduced gels (Fig. 2). 

The preparation and expression of vectors containing the 
human Q sequences, and humaa-mouse chimeras will be 
described in a separate manuscript (a. NUsim and Z. Eshhar 
in preparation). 



3 J Blading of the mutant IgE to the fcJL on RBL-2H3 cells 

Jn ord r to identify the sites on the IgE molecule involved in 
the interaction with the Fc,R f the IgE mutants werc tested for 
their abOrty to bind to RBL-2H3 cells, a xat mast cell line 
bearing hjgh-af&nty FcR for rodent IgE [14]. A oiiznber of 
different assays were used to measure binding. First, affinity- 
purified preparations of unmutated TTC5 and the IgE mutants 
were tested for their ability to inhibit the binding of iodinated 
punfied raonodonarig£#PE.7) [#] to RBL-2KQ cells. The 
innibihon curves so obtained are-sfapwn in Fig. 4A. ft may be 
seen that the PHS point mutant is r^ced approximately 
twofold in its ability to bind to the Fc,R f wbife te*C*SE mutant 
has lost all ability to compete with iradioiodinated Igtftbr-the 
binding ; to RBL-2H3 cells. The AFE mutant, which is not" 
secreted, and was therefore purified from cell lysates, was not 



available in sufficient concentrations for the inhibition assay. 
It was therefore tested in the other binding assays described 
below. Since the differences in the inhibition of binding by the 
ITC5 wild-type IgE and the PHS mutant were small, these IgE 
preparations were also tested for direct binding to RBL»2H3 
cells. Affinity-purified ITCS and PHS were radioiodmated and 
the binding of these antibodies to RBL4H3 cells was tested, 
Scatchaid analysis (Fig. 4£) reveals that the PHS mutant has a 
2.5-fold lower affinity for the Fc«R than ITCS wild-type IgE, 

These results were further confirmed in two other assays. In an 
assay measuring the degranulation of RBL-2H3 cells, tae 
rrCS (wild type) and PHS (mutant) IgE antibodies, but not 
the DSB or ATE mutant IgE were able to induce dcgranula- 
tion Of RBL-2H3 cells, when cross-linked on the cell surface 
by polyvalent antigen (NIP-FgG) (Table 3). 
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figure 4. Fcjfc binding of mutant IgE aneibodie*. (A) Inhibition of 
binding of iodinafied IgE Co RBL-2H3 cells by mutant and wild-type 
recombinant IgE. R3L cetts vert preincubated with varying eoncen- 
tmdons of JTCS (wild type), PHS (point mutant) or D5E (deletion 
mutant) IgE. ,B MabcIed monoclonal IgE was then added and after a 
2-h incubation, eell-bound and free IgE were separated and radio* 
activity was counted All deieTimnarions were dene in triplicate (B) 
Scatcbard analysis of binding of 1TC5 (unznutated) and PHS point 
mutant IgE. RJ&X-2H3 cdb were incubated wita several concentra- 
uons of iodinated ITCS and P#S IgE. Unbound counts were removed 
by ecnttifugadon through serum, and the cell pellet was counted. 
Lmes represent th« least squares fit, derived by linear regression 
analysis. 
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lated rabbit wri-mouse IgE (H +L), and permridase-labeled 
avidin Table 4 shovs the result of one representative assay. 



It may be seen that the PHS point mutant has lost the ability to 
be recognized by the 95.3 anti-lgE mAb, while it is still recog- 
niaed bythe 51.3 and 84.1C mAb (Table 4) and can stiu bind 
to mast cells (though with reduced affinity) (Kg- 4). The DSE 
deletionmutant has lost both recognition by all three mAb and 
the ability to bind W the Fc.R on mast cells. The AFE mutant 
which has a fcamesbift causing premature termination in the 
C_4 domain has reduced binding to the 5L3 anti-lgE mAb, 
and has lost the ability to bind to the FcR oo RBIXJH3 cells, A 
chimeric human IgE (H^IC^) containing mouse C£ (manu- 
script in preparation), binds the S4.1C and 953 mAb, but not 
the 51,3 mAb. TAN" human IgE (manuscript in prepara- 
tion) with the J558L L chain and mouse ind-NIP V H region, 
is not recognized by any of themAb. These data permit the 
assignment of the site recognized by 84. IG and 95.3 to the C,3 
domain, and that recognized by SI .3 to the domain. 



4 Discussion 

In order to learn more about the Fc^R binding site on the IgE 
molecule," we have developed an in vtro expression system 
enabling the production of genetically engineered mouse IgE 
with anti-NP activity. The antibody so produced, represented 
by done TTC5, has all the properties of authentic mouse IgE 
and binds with high affinity to the Fc<R on mast cells 
(Table 1). The plasmid encoding the FTC5 antibody was then 
subjected to a variety of mutagenesis procedures in order to 
produce IgE molecules with alterations in their Fc region. 
These mutants were used in binding assays to determine their 
ability to bind to theFcJl on mast cells and to bind to a series 
of anti-lgE mAb previously generated in our laboratory p, S]. 

Four assays were employed to measure the binding of mutant 
or wild-type IgE to the FcJR on mast ceDs; (a) the inhibition of 
binding of radiolabeled tgE to RBL-2H3 cells, (b) the direct 
binding of iodinafcd IgE to RBL-2H3 cells, (c) IgEnaiediated 
degrannlation Of RBL cells and (d) the adsorption, by 
2H3 cells, of anti-NIP activity from IgE-eontaining solutions. 
These assays gave concordant results. Compared to the ITC5 
wild-type tgE< the PHS proline to histidme point muiani 
bound the FceR with approximately twofold reduced affinity 
(Fig* 4A f B and 5). PHS mutant IgE induced almost as much 
deeranulatian as did tTCS wild-type IgE CTable 3). Stoce only 



a) RBL-2H3 cells were premcubated with af^lty-purifled IgE prepa- 
rations at <U ugtail for 30 min and *whed before the addition of 
NIP-FgG (250 ugfatll). p-Hexosaminidaw release was determined 
as described in Sect. 2-8. Each determination *as done in tripli- 
cate Standard deviations *crc < 15% of ELBA readings. 



Finally mutant IgE antibodies were tested for their ability to 
be adsorbed by RBL-2H3 ceils. Dilutions of the affinity- 
purified antibodies Were incubated with RBL-2H3 cells to 
allow binding. Supernatant* containing unbound IgE were 
tested by EUSA for anti-NIP activity. Results were plotted as 
the ratio between the EUSA readings obtained for adsorbed 
supernatants, divided by unadaorbed supernatants, «. me 
concentration of the IgE preparation used (represented by 
EUSA reading). As can be seen in Fig. 5, the ratio of Asm 
''adsorbedVAtto "unadsorbed" was lowest for TTCS, the wild- 
type IgE (best adsorbed), and higher for the PHS mutant, 
though some anti-NIP activity was still removed. For the AFE 
and DSE mutants, the ratio was close co one, indicating that 
Ae RBL-2H3 cells did not remove any of the IgE anti-NIP 
antibodies. Urns, we may conclude that binding of mutancrgfi 
molecules to the Fc,R on rat mast cells follows th<& order: 
rrC5>PHS*AFE = DSE. 

i 

3,4 Recognition of mutant IgE antibodies by anti-lgE mAb 

Purified mutant and wild-type IgE antibodies were next tested 
for their ability to bind to anti-mouse tgE mAb which have 
been previously described [7, 8]. EUSA assays were per- 
formed in which wells were coated with either antigen (NIP- 
FgG), or serum-free preparations of the anti-lgE mAb. This 
was followed by dilutions of purified wild-type and mutant IgE 
preparations. Degree of binding was determined using biotiny- 



Tabta 4, Binding of IgE mutants io anti-lgE mAb 




a) Purified wwmtaied (TTCS) and mutated recombi- 
nant IgE were tested by EUSA tor blading to vari- 
ous anti-mouse IgE mAb. EUSA plates were Gist 
coated with serum-free supernatant containing the 
various anti-lgE mAb, or with NlP-conJugatcd pro- 
tein. IgE (4ng) diluted in medium (DMEM and 
pes) wa* then added to each weU. After washing* 
the wells were netted «Vh biomv^onjiiBated rabbit 
auU-mouse IgP. followed by an avidkvperoxidase 
conjugate and peroxidase substrate. Absotbance 
was read in an automatic EUSA reader. Variation 
between duplicates was always < 10% of me values 
read, or < 0.01 absotbane© units for negative wdls. 

b) Anti-mouse IgE mAb. 

c) See Table 3L 

d) Mouse Q3 mto human Ql.W- 

e) Human IgE. 
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mureS Adsorption of IgE by RBL-2H3 ceOs. Dilutiona of mutant 
tad wild-type IgE annWfes were incubated with RBL-2H3 oeBfr tor 
4 h in raicroriter weOs. After dus incubation, supernatmxts were 
removed and tested by ELISA for anti-NIP activity. Resute were 
plotted as the adsorption inde* (the ratio between the ELISA readings 
obtained for adsorbed divided by unafcwbed supernatant*) w . ihe 
cooceniration of the IgE preparation tested. An adsorption index 
closer to unity indicates less adsorption of IgE by RBL-2H3 «lb, and 
hence, less binding of the particular murant. 



a small fraction of Fcjt on RBI^2H3 cells need to be occupied 
in order to induce degranulation,it is not surprising that snfE- 
aew occupancy could be obtained with either ITC5 wild type 
or FHS point mtrtant IgE. 

The AFE frame shift mutant, lacking a fimctiorial C£ domain, 
and the DSE mutant, with & 45-amino acid deletion in Q3» are 
unable to bind to the Fc,R in the four assays used (Figs, 4 and 
5 and Table 3), It is surprising, in light of tbe accumulated 
evidence £l-3, 5] suggesting that the binding site for tbe Fc,R 
is present on Q,3, that the AFE mutant (lacking the C*4 
domain) is unable to bind to the Fc^R- We believe that die Q4 
domain, while not containing the actual receptor binding 
5ite(a), is necessary for the IgE molecule to attain tbe correct 
conformation needed for receptor binding. The Q4 domain 
has been shown to be important for the dimerizatiou of human 
IgE [6]. Interestingly, our AFE mutant mouse IgE which lacks' 
mast of the C,4 domain, is present inside the cell almost 
entirely as HL (Fig. 2). Ibis indicates that in mouse IgE, the 
fourth domain may also have a role in initiating, or stabilizing 
H chain dimerization, 

Tbe epitopes recognized by three anti-JgE mAb, 84.1C, 95.3 
and 51.3, were assigned to domains on the e chain based on 
' their ability to recognize the various IgE mutants tested. For 
example, the 95.3 mAb was shown to recognize a determinant 
on the C£ domain, since it is no longer recognized by the PHS 
mutant, which has a single proline to hxstidrne substitution in 
Q3, and is still recognized by the AFE mutant which has 96% 
of its Ce4 domain altered or deleted. In addition, 95,3. is able to 
recognize the mouse-human chimeric IgE, which has only 
mouse C*3, while it is unable to recognize human IgE. By 
analogous logic, the epitope recognized by 84.1C may be 
assigned to Ce3, and the epitope recognized by 51,3 is most 
likely on C£ (Table 4). 

The purified DSE mutant (45-amino acid deletion in C$) 
seems to bind none of the arnMgE mAb, including the 51.3 
antibody which we have assigned to Q4. However, when DSE 
transfecioma supernatant was tested in a firaflai assay, some 
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reaction was seen against the 51.3 and 84.1C mAb (not 
shown). It is possible that conformational changes m this mu- 
tant have reduced binding to these two anti-IgE mAb, and that 
these conformational changes in the DSE mutant are more 
pronounced when the mutant IgE is subjected to high-salt 
elution from the affinity column. Similarly, in a number of 
experiments, when fresh DSE supernatants were tested for 
binding to the Fc^R on RBL cells using the adsorption assay, 
some binding to the Fc<R was detected. Purified fractions of 
this mutant, etated with 5 m MgO,, consistently failed to bind. 
Thus, the effects of the deletion on the binding to the 84, 1C 
and 513 anrHgE mAb, and on the binding to the FcaR are 
likely to be conformational, rather than due to the eliminadon 
of the binding site. We have previously shown (7, 8] that the 
51,3, 95.3 and 84.1C anti-IgE mAb are sensitive to IgE confor- 
mation and are unable to bind to denatured or reduced IgE. 

The anti-IgE antibodies have previously been analyzed in inhi- 
bition studies to determine the relationship of the epitopes 
they recognize to the binding site for fcE- Tbe 51.3 antibody 
inhibits poorly the binding of IgE to its receptor and is able to 
bind to IgE receptor complexes [7]. Thus, it seems that this 
antibody recognizes an epitope which is not closely related to 
the receptor binding site. This is consistent with our conclusion 
that the epitope recognized by this antibody is on the C<4 
domain The 95.3 anti-IgE mAb inhibits the binding of IgE to 
its Fc,R but can still bind to cell-bound IgE [7], Thus the 
' epitope recognized by this antibody is related, but not identi- 
cal to the receptor binding site. This is also apparent tYorn the 
fact that the PHS point mutant has lost, entirely, the epitope 
recognized by 95.3, but is stfll able to bind to the Fc,R on mast 
cells, -albeit with reduced affinity. The reduced ability of the 
PHS mutant to bind to the Fc*R on RBL cells may be due to a 
direct effect of the proline to histidine mutation in destabiliz- 
ing the IgE-FqR interaction, or could be due to conforma- 
tional changes caused by this mutation which are propagated 
to distal sites on the domain. While more mutants will be 
required in order to distinguish between these possibilities, it 
is clear that the 95.3 binding site can be totally abolished with 
only a moderate effect on FCbR binding. 

Tbe 84.1C anti-IgE mAb inhibits the binding of IgE to the 
FceR and does not recognize cell-bound IgE [8]. Thus, it seems 
likely that this antibody recognizes an epitope very closely 
related to the binding site for the Fcjl. Ic will be interesting to 
see whether among further IgE point mutants which we are 
currently producing, one will be found which looses both the 
ability to bind to the Fc*R and to tbe 84, 1C anti-IgE mAb. A 
good candidate for such a mutation may be a sice on the 
"E-peptide-3 rt produced by Liu et al. [5]. Antibodies against 
this G|3 peptide behave like our S4.1C mAb in that they bind 
to free, but not FCtR-bound IgE, and thus seem to cross- 
inhibrt the IgE-Fc.R interaction. 

By combining the above data, a few conclusions may be 
reached. We have mapped to the Q3 domain the &4.1C and* 
IgE mAb most closely related to the IgE-Fc^R interaction site. 
This determinant is not included within the F129 peptide site 
described by Burt and Staoworth [2]. A single proline to his- 
tidine substitution in the region spanned by the P129 peptide 
leads to the loss of recognition by the 95.3 mAb, which recog- 
nizes an epitope that is related, but not identical to the 
Fc^R binding site. However, such a mutant (PHS) retains full 
recognition by the 84. IC anti-IgE mAb, and exhibits only two- 
fold reduction in binding to the Fc«R. Thus, th Fc«R binding 
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site is probably located in the C,3 domain, b« not in the 
region encompassed by P129. The C.4 domain seems to be 
required for the formation of the HjLi tetramer and, though 
not directly involved in Fc,R binding, may play a rote in 
Stabilizing the conformation of IgE required for binding TO tt 
FcR. The generation of more IgE deletion and point mutants, 
together with mouse/human axon shuffling experiments C»anr 
uscript in preparation) should allow the precise ideonflcabou 
of sites on the Xg£ molecule required for dimeiizanon, binding 
to mAb and binding to the high-affinity Fc,R on mast cells. 

2fe author, wW w mank Mi. S, ^kandMs.T.Woh^M 
auUOMt, and Dn. T. Nonjo, D. Met and V. Otfor At gffa ofpte- 
midi and ctU Rita. 
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